ronal growth cones in response to environmental cues underlies the process of axonal guidance. Most previous studies addressing cytoskeletal changes during growth cone pathfinding have focused on the dynamics of a single cytoskeletal component. We report here an investigation of homophilic growth cone-target interactions between Aplysia bag cell neurons using digitally enhanced video microscopy, which addresses dynamic interactions between actin filaments and microtubules. After physical contact of a growth cone with a physiological target, mechanical coupling occurred after a delay; and then the growth cone exerted forces on and displaced the target object. Subsequent to coupling, F-actin accumulation was observed at the target contact zone, followed by preferential microtubule extension to the same site. After successful target interactions, growth cones typically moved off highly adhesive poly-L-lysine substrates onto native target cell surfaces. These events were associated with modulation of both the direction and rate of neurite outgrowth: growth cone migration was typically reoriented to a trajectory along the target interaction axis and rates of advance increased by about one order of magnitude. Directed microtubule movements toward the contact site appeared to be F-actin dependent as target site-specific microtubule extension and bundling could be reversibly randomized by micromolar levels of cytochalasin B in a characteristic manner. Our results suggest that target contacts can induce focal F-actin assembly and reorganization which, in turn, guides target site-directed microtubule redistribution.
INCE the early morphological studies of Ramon y Cajal and Harrison (Ramon y Cajal, 1890; Harrison, 1910) , the growth cone has been ascribed a major role in axonal guidance and target recognition during development and nerve regeneration. Growth cones are capable of responding to various environmental signals, including electrical fields (Patel and Poo, 1982; Cooper and Schliwa, 1985) , soluble trophic or tropic factors (Gundersen and Barrett, 1980; Tessier et al., 1988) , molecular cues residing in the extracellular matrix (for review see Reichardt and Tomaselli, 1991) , and cell adhesion molecules (for reviews see Dodd and Jessell, 1988; Jessell, 1988; Hortsch and Goodman, 1991; Takeichi, 1991) . Axonal guidance and target recognition also involve mechanical interactions between growth cones and specific substrates. Growth cones can exert mechanical force on targets (Bray, 1979; Lamoureux et al., 1989; Heidemann et al., 1990) and conversely, application of external force can influence the rate of neurite elongation (Bray, 1984; Lamoureux et al., 1992) . Attempts have been made to elucidate the molecular basis of the forces underlying neurite elongation and steering, and evidence supports roles for both actin filaments and microtubules in a generation of neurite tension and extension (Letourneau et al., Please address all correspondence to Dr. P. Forscher, Department of Biology KBT-338, Yale University, P.O. Box 6666, New Haven, 1987; DennerU et al., 1989) . However, a clear picture of the functional role of either of these cytoskeletal elements or their interactions during axonal guidance has yet to emerge.
Complementing work on cytomechanics are studies addressing the role of actin and microtubule dynamics in axonal elongation and guidance. Initial studies in embryonic grasshoppers and cultured neurons demonstrated that actin filament assembly was necessary for accurate pathfinding but not for continued axonal growth (Bentley and ToroianRaymond, 1986; Letourneau et al., 1987) . A recent study suggested a role for microtubules in the guidance process as well (Sabry et al., 1991) . These studies raise basic questions regarding both the cytomechanics and cytoskeletal dynamics involved.
Specifically, how do actin filaments interact with microtubules during growth cone-target interactions? How does one cytoskeletal population influence the assembly and localization of the other? These questions are of fundamental importance because microtubules provide not only the structural elements needed for axonal growth but also a means of metabolic support for the nerve terminal and communication with the cell body. Despite abundant evidence suggesting functional interactions between actin filaments and microtubules, most biochemical studies to date have not been conclusive (Griflith and Pollard, 1978; Schliwa and Van Blerkom, 1981; Selden and Pollard, 1983; Travis and Bowser, 1986) and experiments with fluorescent cytoskeletal analogs have generally been restricted to analysis of one filament population at a time (Sabry et al., 1991; Tanaka and Kirschner, 1991; Okabe and Hirokawa, 1991) .
We have previously demonstrated that actin filaments influence microtubule distributions in Aplysia growth cones in vitro. When growth cones were treated with cytochalasin B to remove actin filaments from the growth cone lamella, microtubules rapidly elongated, moving from the centrally located "transition zone" into the distal lamellar domain (Forscher and Smith, 1988) . These studies demonstrated that axonal microtubules have a latent potential for rapid extension and suggested an inhibitory role for actin filaments: the dense peripheral F-actin matrix was either physically excluding microtubules or somehow inhibiting plus end microtubule polymerization. This propensity for microtubule elongation once peripheral F-actin was removed is consistent with independent evidence suggesting that microtubules in the axonal shaft are under compression generated by microfilament-dependent processes (Dennerll et al., 1988 (Dennerll et al., , 1989 . One approach which has been particularly useful for the study of cytoskeletal aspects of growth cone guidance is the use of derivatized microspheric beads. Under some circumstances, beads appear to act as pseudotargets, mimicking the actions of physiological substrates. Interactions with polycationic bead surfaces, for example, can trigger morphogenic changes in neurons and muscle cells normally associated with formation of both pre-and postsynaptic specializations (Peng and Cheng, 1982; Peng et al., 1987) . Polystyrene microspheres or other particulate membrane markers applied to the surface of growth cones (Bray, 1970; Forscher and Smith, 1990) or other motile cells (Kucik et al., 1989; Sheetz et al., 1989; de Brabander et al., 1991) can also become mechanically coupled to the intracellular retrograde movement of cortical F-actin via interactions with membrane proteins thought to be involved in substrate adhesion and traction. In addition, we have recently shown that highly charged polycationic beads can induce local actin filament assembly at the site of bead binding (Forscher et al., 1992) . These studies suggest that pseudotarget interactions can elicit a range of effects on actin-based structures and motility in growth cones that depends on specific experimental conditions.
In this report, we expand our initial studies on growth cone-pseudotarget interactions to include interactions with physiological target substrates. The Aplysia bag cell neurons used in this study are neurosecretory cells situated in two clusters in the abdominal ganglion which synthesize peptidergic hormones involved in regulation of egg laying. All the cells in each cluster are normally electrically coupled via gap junctions in situ; this facilitates the synchronous firing of action potentials during a neurosecretory response. Functional gap junctions have been demonstrated between bag cell neurons both in vivo and in vitro (Kaczmarek et al., 1979) ; thus, the homophilic interactions we report here are likely to be physiologically relevant.
We have documented the cytological remodeling events during homophilic interactions between bag cell neurons and correlated the observed structural changes with underlying cytoskeletal protein redistributions, the locations of which were confirmed at key time points using specific fluorescent probes. The results of these native target interactions were compared and contrasted with responses after pseudotarget (bead) contacts in an attempt to dissect underlying cytomechanical mechanisms. The characteristic temporal sequence of actin reorganization preceding microtubule rearrangement and the sensitivity of directed microtubule movements to cytochalasin treatment all suggest a primary role for actin filaments in mediating microtubule guidance during axonal elongation.
Materials and Methods

Cell Culture
Aplysia californica were provided by Marinus Inc., Long Beach, CA. Dissociated bag cell neurons were plated on poly-L-lysine-coated coverslips in serum-free L-15 medium supplemented with seawater salts (L15-ASW) as previously described (Forscher and Smith, 1988) . To promote growth cone-target interactions, bag cell neurons were carefully positioned such that a growth cone could interact with another growth cone or neurites from neighboring cells. Cells were incubated at room temperature for 12-24 h after plating before homophilic interactions among bag cell neurons were examined.
Video-Light Microscopy and Image Processing
A Zeiss Axiovert-10 inverted microscope set up for both differential interference contrast (Die) I and fluorescence observation was used; video images were digitally enhanced by background subtraction and frame averaging as described (Forscher and Smith, 1988) . The processed images were recorded on an optical memory laser disk (Panasonic model TQ-2026F), and then redigitized for data analysis and image processing before photographic output onto a 35-ram Kodak Technical Pan Film using a Slide Writer film recorder (AGFA Corp., Orangehurg, NY). The fluorescence images were processed by a 5 × 5 sharpening convolution filter (Adobe Photoshop, Mountain View, CA).
Rate measurements were made using a 151-AT series image processor (Imaging Technology Inc., Woburn, MA) and image analysis programs written in our laboratory. Rates of C-domain or leading edge advance were calculated using 100-s sampling intervals. To precisely localize objects for rate measurement, a centroid program was developed that enabled consistent determination of object positions under DIC microscopy. In practice, this measurement resulted in maximal errors of ~ 2 pixels, equivalent to 0.27-0.41 gm at the magnifications used in this study. Rates of neurite outgrowth were calculated from observation periods of at least 20 min.
Experimental Treatments
Cells were mounted in custom-made chambers as described (Forscher et al., 1987) and constantly perfused at room temperature with isotonic L15 medium. At key time points during target interactions, the neurons were fixed, and then permeabilized and stained for the presence of F-actin and microtubules as described below. The fixation and permeabilization processes were closely monitored to obtain op 'tLmized preservation of fine growth cone structure as described previously (Forscher and Smith, 1988) . To address the role of actin dynamics during growth cone-target interactions, cells were treated with 5 gm of cytochalasin B (Sigma Chem. Co., St. Louis, MO), and then extensively washed with L15-ASW. Positively charged polystyrene beads used to measure the rates of retrograde F-actin flow were derivatized with polyethyleneimine as described previously (Forscher and Smith, 1990) .
Fluorescent Labeling
The fixation buffer contained isotonic ASW supplemented with 4% freshly made paraformaldehyde and 400 mM sucrose, pH 7.6. After fixation, cells were permeabilized for 2-5 min in fixation buffer plus 0.5% Triton X-100, washed with PBS, and stained with rhodamine-phalloidin (Molecular Probes Inc., Eugene, OR) in PBS. Cells were then washed with PBS, exposed to 5% BSA-PBS followed by monoclonal mouse anti-t3-tubulin antibody (Sigma Chem. Co.), washed with PBS, exposed to FITC-conjngated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Labs. Inc., West Grove, PA), washed with PBS, transferred to a mounting solution containing PBS supplemented with 20 mM n-propyl gallate (Sigma Chem. Co.) and 80% glycerol, and examined immediately for fluorescent staining. In control experiments where the tubulin primary antibody was omitted or cells were incubated with unlabeled phalloidin before exposure to fluorescent probes, there was little or no labeling observed.
Results
Microtubule and Actin Filament Distributions in Acutely Plated Growth Cones
Bag cell neurons sprouted growth cones on distal neurites within several hours after plating at room temperature on poly-L-lysine substrates. Neurite outgrowth typically progressed in a saltatory manner at rates of 0.1 + 0.05 ~m/min under these conditions (see below). Growth cone structure and cytoskeletal distributions 16 h after plating are illustrated in Fig. 1 .
A growth cone typically has two cytoplasmic domains: the peripheral lamellar (P) domain and the central (C) domain. Overlapping regions between these two domains are referred to as the transition (T) zone (Bridgman et al., 1986; Forscher et al., 1987) . The P domain (P, Fig. 1 ) consists primarily of F-actin, including radial cables (arrows) that coalign with filopodia and less polarized but highly crosslinked networks found between cables (cf., Lewis and Bridgman, 1992) . These F-actin networks have been shown to assemble preferentially at nucleation sites along the distal growth cone margin and subsequent to assembly, cross- linked networks move centripetally at rates of 3-6 #m/rain by a mechanism that likely involves an actin-based motor(s) (Mitchison and Kirschner, 1988; Smith, 1988) .
The C domain was operationally defined as the proximal portion of the growth cone characterized by organelle transport observable at the video enhanced DIC level (C, Fig. 1 ).
Microtubules are the principal cytoskeletal component in the C domain, serving not only as structural elements but also as substrates for fast axonal (organelle) transport. Immunofluorescence localization revealed that microtubules were distributed throughout much of the growth cone and sometimes penetrated deeply into the P domain of these acutely plated cells (arrowheads). Microtubule loops (white arrowheads) reported by other groups to be characteristic of less motile growth cones (Tanaka and Kirschner, 1991) were also observed. Note that in the present study cells were maintained in serum-free medium at all times and interactions were studied 12-36 h after plating. This contrasts with a previous report in which growth cones were exposed to 0.5% FCS and studied 2-4 d after plating (Forscher and Smith, 1988) . Under the latter conditions, microtubule density in a typical growth cone drops much more precipitously distal to the C domain boundary, and actin cables were more prominent than in these "young" growth cones. Significant overlap of microfilaments and microtubules occurs in the T zone (T, Fig. 1 ), along with active membrane ruffling characterized by lamellar protrusions in the Z-axis.
Initial Events
To promote growth cone-target interactions in vitro, individual bag cell neurons were positioned next to each other such that a single growth cone could interact with other growth cones or neurites from neighboring cells. A DIC image sequence depicting initial events during a growth cone-growth cone interaction and the corresponding cytoskeletal distributions are illustrated in Fig. 2 .16 h after plating, physical contact between these two growth cones occurred. After a lag of ,~10 min, signs of cell coupling were seen which indicated the beginning of a target interaction sequence (time 0). During the following 5-min interval (0'-5', Fig. 2 a) , several distinct morphological changes were sequentiaUy observed: increased membrane ruffling at the target contact site (arrow, 53, followed by a preferential extension of the C domain (arrowheads, 53 toward the same site.
During this period, the C domain of the growth cone on the left projected a wedge-shaped array of organelles (curved arrow) toward the target growth cone on the right.
After this brief (5 min) target interaction, F-actin was already concentrated at the contact site (arrow, Fig. 2 b) . The intensity of the F-actin signal measured here was greater than the sum of the signals from adjacent lamellae, suggesting that the intensification was not caused by overlapping of lamellae alone. Microtubule localization for the same field indicated that microtubule redistribution paralleled the target site directed C domain extension; note the preferential microtubule extension toward the site of F-actin concentration (arrowheads, Fig. 2 c) . These and the following results also show that the presence of microtubule-based organelle transport (i.e., the location of the C domain) can be a useful marker of microtubule locations in live cells. It should be noted, however, that there are usually several #m at distal microtubule ends that are vesicle-free (segments distal to the arrowheads, tached before the drug application and continued to move at the same rate as the receding F-actin network. Bead 2 bound distal to the receding F-actin matrix and exhibited brownian motion during the observation period. Bars, 2 and 5 #m for montage panels and growth cone images, respectively.
early time point. This is in marked contrast to effects seen after more prolonged interactions (Fig. 3 ). Significant structural changes were not observed in an adjacent growth cone not directly involved in this interaction (asterisks, Fig. 2 ).
Later Events
Effects of a longer growth cone-target interaction are illustrated in Fig. 3 . During a 30-min period of observation before contact, both growth cones slowly advanced at ,00. 15 min after the first discernible contact, signs indicating mechanical coupling between the interacting growth cones were observed (marked here as time 0'), as evidenced by the stretched filopodium of the left growth cone apparent on the dorsal lamella of the right growth cone (black arrowheads at 0'-2', Fig. 3 a) . During the following 10 min, radial actin cables over the target contact region gradually disappeared and transformed into intensive ruffling (white arrowheads);
and then the C domains of both growth cones extended rapidly toward each other (open arrows at 10', Fig. 3 a) . Using regions of directed organelle transport and membrane ruffling as rough indicators of microtubule and F-actin localization, respectively, we observed a temporal sequence where local F-actin reorganization always preceded anterograde microtubule movement.
This type of interaction often resulted in net reorientation of neurite outgrowth. Specifically, note that the growth cones in Fig. 3 a turned a total of ~45 degrees during realignment along the interaction axis (compare open arrows at 0' and 1(7). In the next 10 min (10'-209, the originally well spread C domains were further rearranged and consolidated along the target interaction axis. While the right growth cone remained relatively stationary during this period, the left growth cone rapidly advanced (at ,~1.5/zm/min), with active membrane ruffling associated with its leading edge (white arrowheads), over the dorsal surface of the right growth cone.
Cytoskeletal localizations were then assessed for this interaction at the 20-rain time point. Distinct accumulation of F-actin was found coincident with the zone of intensive membrane ruffling near the target site (arrowhead, Fig. 3 b) . The degree of F-actin accumulation had increased relative to that observed after a shorter 5 rain interaction (Fig. 2 b) . Furthermore, the actin filament density was lower proximal to the target site, consistent with anterograde movement or depletion of F-actin from these areas. Most of the microtubules had extended enough to bridge the contact zone, forming bundled arrays aligned along the interaction axis (doubleheaded arrow, Fig. 3 c) . Only a few microtubules remained spread and curved away from the main axial bundles (arrows). C domain extension rates during the target interaction in Fig. 3 a are plotted as a function of time in Fig. 3 d. There was a 15-min delay between initial physical contact and signs of neuronal coupling (time 09. The maximum rates of C domain extension were 3.5 and 3.1 #m/min for the growth cone on the left and right, respectively.
During growth cone-growth cone interactions, accurate tracking of the C domain and leading edge became difficult when the interacting components overlapped. We therefore studied growth cone movements on neurites to obtain a clearer analysis of outgrowth kinetics. The DIC sequence of one such interaction is demonstrated in Fig. 4 a, and the rate of advance of the C domain (open circles) and the leading edge (closed circles) are plotted over time in Fig. 4 b. Based on the growth cone dynamics, we divided the interaction sequence into four functional phases (Fig. 4 b) : a contact phase ( -l Y -~, between initial contact and cell coupling; a coupling phase (O'-lt7), characterized by target site specific ruffling and rapid C domain extension; a reorganization phase (10'-40'), characterized by intensive cytoskeletal remodeling but slow overall outgrowth; and an accelerated growth phase (40'-100'), where the growth cone migrated along the native target substrate in a manner analogous to axonal fasciculation (Goodman et al., 1984; Dodd and Jessell, 1988) .
During the accelerated growth phase, the growth cones typically moved partially or fully off the poly-L-lysine substrate onto the neuronal membrane of the target cell. Interestingly, rates of neurite outgrowth increased about one order of magnitude by the time this transition was complete and the higher outgrowth rates were subsequently maintained. The average rates of neurite outgrowth after fasciculation are compared to those observed on a poly-L-lysine substrate in Fig. 4 c. Note also that rates of both the C domain and the leading edge advance increased in parallel during the accelerated growth period and stabilized at -d.4 #m/min after ~1 h (100' time point, Fig. 4 b) . Since the C domain advanced at a rate comparable to the leading edge, the P domain maintained a relatively constant width in all but the coupling phase. Intense ruffling was always observed at the distal edge of growth cones during accelerated outgrowth (arrowheads, Fig. 4 a) . 
Cytomechanics of Pseudotarget vs. Real Target Interactions
The growth cone-target interactions described above are complex. We therefore used derivatized microparticle pseudotargets as a tool to investigate the possible underlying mechanisms of real target events. Positively charged polystyrene beads are typically transported at constant rates from the lamella edge across the P domain and into the transition zone (see also Forscher and Smith, 1990 , for a preliminary description of this phenomenon). This bead movement persists in the most distal portions of filopodia. As shown in Fig.  5 a, after adhering to the distal tip, this 200-nm bead moved down the length of the filopodium onto the surface of the lamella at a constant rate. Cumulative displacement of the bead is plotted as a function of time in Fig. 5 a. Note that bead velocity remained relatively constant ("o3 #m/min) at all times, even as the bead crossed the boundary between the filopodium (open circles) and the lamellipodium (closed circles). Bead rates in a given growth cone were similar for bead movements along or in between the radial actin cables. Fig. 5 b provides evidence that the bead movement likely results from mechanical coupling to the underlying F-actin flow. A pulse of cytochalasin B was applied when beads were undergoing retrograde transport at 4.4 ± 0.09 #m/min. The treatment resulted in formation of a typical F-actin free gap between the leading edge and receding F-actin networks as evidenced by rhodamine-phalloidin staining (Fig. 5 b) . Those beads attached to the membrane before drug application (bead 1 ) were continuously transported at 4.52 + 0.17 #m/min with the receding F-actin matrix (which moved at 4.59 5:0.17 #m/min), while beads that landed after drug exposure and bound to the F-actin free zone (bead 2) moved randomly. Only after washout of cytochalasin, were beads directionaUy transported again by the recovered F-actin flow (data not shown, but see Forscher and Smith, 1990) .
To test if similar transport mechanisms could account for target cell coupling events, the sensitivity of neurite bending to cytochalasin exposure (Fig. 6 ) was compared with the movement of bead pseudotargets after the same treatment (Fig. 5) . The neurite coupled to the interacting growth cone was bent toward the C domain (Control, Fig. 6 a) . This neurite bending force was reversibly inhibited by adding cytochalasin. When the F-actin free gap (black arrowheads) moved past the site of neurite contact, tension appeared to be released, and the neurite straightened and relaxed toward the leading edge (Cytochalasin, Fig. 6 a) . Upon washout of cytochalasin, a dense F-actin matrix reappeared, primarily from the growth cone margin, and widened centripetally (white arrowheads). Deflection of the neurite was again observed as the F-actin matrix began to move beneath it (28 rain). After 4 rain of recovery in control saline, the forces associated with neurite bending appeared to have been restored to pretreatment levels (of., 7and 32 min). Neurite displacement as a function of time is plotted in Fig. 6 b. Displacement rates during initial coupling and recovery from cytochalasin treatment were ,o2.76 #m/rain and 3.09 #m/ min, respectively, similar to typical rates of retrograde F-actin flow and bead movement.
Microtubule Guidance Is Disrupted by Cytochalasin
To investigate the role of actin filament dynamics in target site-directed microtubule extension, we treated interacting growth cones with cytochalasin B for various periods of time. As shown in Fig. 7 a, the C domain extension toward the contact zone was observed 10 min after growth cone coupling (control). Cytochalasin B was then rapidly perfused into the flow cell. After one minute of drug treatment, a gap formed along the leading edge (black arrowheads at CBI', Fig. 7 a) indicating continued retrograde F-actin movement similar to that observed above (Figs. 5 and 6 ). Membrane ruffling at the target site was immediately inhibited by the drug and overlapping lamellae retracted to where they adhered to the poly-L-lysine substrate (white arrows at CB 20'). Secondary to these initial effects, the C domain began rapid distal spreading into the area initially occupied by actin filaments (black arrows at CB20').
After drug washout, a dense F-actin matrix appeared along the leading edge of each growth cone and a typical recovery occurred accompanied by centripetal movement of C domain elements (white arrowheads at rec 2'-5', Fig. 7 a) .
After 5 min of recovery, both P and C domain boundaries were transiently restored to positions roughly corresponding to precontact localizations. Interestingly, target interactions then resumed at the point of original contact (rec 20', Fig.   7 a) . There was essentially no delay in extension of the C domain; this differs from a naive growth cone-target interaction where a 15-30-min delay is typically observed between initial contact and manifestations of cell coupling (cf. Fig.  3 ). Even after 2 h of cytochalasin treatment, drug washout resulted in resumption of target interactions at the original site of contact (data not shown).
After longer cytochalasin treatments, the randomization of microtubule extension is more evident. This is illustrated in Fig. 7 b which shows two growth cones before, 20 min and 12 h after cytochalasin B treatment. During chronic cytochalasin exposure, the C domain progressively occupied the full extent of the former P domain and no net outgrowth of the growth cone was observed.
Neuronal Branching: Competition for the Microtubule Pool
Neurite branching often resulted from competitive interactions between growth cones (Fig. 8) . In this example, growth cone I initially interacted with growth cone 2 (t/me 03 in a typical structural reorganization sequence that lasted ,,o20 min, at which time growth cone 3 initiated a competitive interaction. The competitive interaction resulted in partitioning of the C domain of growth cone 1 (branched arrow at 41') between the growth cones 2 (white arrows) and 3 (black arrows).
In 4 out of 5 cases where competitive interactions were observed, neurite branching resulted. In the fifth case, however, one growth cone was "dominant" and was able to recruit the entire microtubule pool to its interaction axis (data not shown).
Specificity of Interactions
There were two classes of cells in this primary culture system: bag cell neurons and glia-like support cells. Glia-like cells were smaller than neurons (10 #m in diameter compared to 50-70 #m of neurons), and did not have processes or growth cones. However, these cells generated peripheral lamellae that exhibited comparable retrograde F-actin flow rates. In several long term observations where growth cones physically contacted these cells, no signs of cell coupling or cytoskeletal remodeling were observed (data not shown). No increase of ruffling was noted at the contact site and the local density of F-actin was not higher than the sum of the signals from individual cells. Thus, the series of events described above appear to be cell specific, and indicate that essential target recognition processes may underlie the processes described.
D i s c u s s i o n A Primary RoleforActin Filaments in Growth Cone Steering
Previous work addressing the mechanism of growth cone guidance in pioneer neurons of grasshopper embryos suggested that microfilament dynamics were important for growth cone steering (Bentley and Toroian-Raymond, 1986) , and a later study presented evidence that steering could be mediated by single filopodial contacts (O'Connor et al., 1990) . In a subsequent report, however, it was proposed that selective retention and invasion of microtubules may alternatively be of key importance in the steering process (Sabry et al., 1991) . In the present study, we have focused on possible interactions between actin filaments and microtubules during growth cone-target encounters in an attempt to clarify the role played by each cytoskeletal element.
To summarize, our observations suggest that actin based motility and polymer dynamics play a primary role in both initiating and articulating growth cone steering events for the following reasons: First, growth cone filopodia, which consist of relatively parallel bundles of F-actin (Lewis and Bridgman, 1992; Smith, 1988) , always initiated interactions, thereby determining the target interaction axis, and additionally, future microtubule movements and localization. Second, during an interaction, microtubules initially arranged in fanned out arrays became aligned with the interaction axis and extended specifically toward the site of F-actin accumulation (e.g., Fig. 3 ). Third, cytochalasin treatments resulted in immediate randomization of microtubule extension; recovery from cytochalasin resulted in resumption of target site-directed movement of microtubules (Fig. 7) . Finally, a variety of objects including polystyrene beads, small caliber neurites, large neurites, and other growth cones were found to interact with actin networks undergoing retrograde flux, eliciting a variety of effects on growth cone structure. These effects could be accounted for by considering the degree of target compliance by a mechanism which will be considered further below.
The directed microtubule movements we observe during a typical growth cone-target interaction probably involve several contemporaneous processes including: (a) microtubule assembly and disassembly (dynamics); (b) active microtubule telescoping (Lasek, 1986; Shpetner and Vallee, 1989) ; and (c) microtubule interactions with moving actin networks. Further experiments using fluorescent tubulin analogs to directly assess microtubule dynamics are needed to address processes 1-2; however, some comments can be made regarding microfilament associated microtubule move-ments. During the course of a typical interaction microtubules appeared to be swept progressively into axial alignment (parallel to the target interaction axis) as evidenced by observation of organelles undergoing microtubule-based transport, and examination of microtubules fixed and stained after target interactions were well underway (e.g. , Fig 3 c) . Off axis microtubules typically had curvilinear profiles with their convex aspect facing toward the target site, suggesting that fixation occurred as the microtubules were being pulled or "zippered" laterally toward the target contact area. Visual observation of DIC time-lapse records strongly suggested that over time cytoplasmic material was being depleted from areas lateral and proximal to the contact zone. A progressive decrease in F-actin levels and retrograde flow occurred in parallel with the cytoplasmic depletion in these areas. These observations suggest microtubules become aligned along the target interaction axis via association with actin filaments accumulating at the contact site. Note that F-actin accumulation might occur by one of several mechanisms that remain to be elucidated: (a) formation of specific flow retarding membrane-cytoskeletal connections or adhesion complexes, (b) increased actin assembly secondary to target contact, or (c) active recruitment (pulling) of already formed filaments into the contact zone.
We also found a correlation between microtubule distribution and neurite outgrowth rate: microtubules in stationary growth cones tended to be splayed out and sometimes formed loops (Fig. 1) , whereas microtubules in rapidly migrating growth cones tended to be bundled into linear arrays (Fig. 3) . Our results are consistent with previous observations of microtubule dynamics in growth cones (Tanaka and Kirschner, 1991) where microtubules were splayed out in slowly advancing growth cones but formed linear bundles when the rate of advance exceeded the rate of microtubule translocation. The inward curvature of the microtubules toward the target interaction axis mentioned above (Fig. 3 c) is also consistent with a bundling mechanism involving a proximal to distal zippering as suggested by Tanaka and Kirschner (1991) after observations of microtubule movements during growth cone turning.
Many cell functions in both neuronal (Dennerll et al., 1989; Letourneau et al., 1987; Marsh and Letourneau, 1984) and nonneuronal (Danowski, 1989; Euteneuer and Schliwa, 1985; Euteneuer and Schliwa, 1992 ) cells appear to rely on coordinated interactions between the microfilamerit and microtubule systems. Our results also point to the presence of strong modulatory effects exerted by actin illaments on microtubule localization, specifically with regard to target site-directed microtubule guidance. Whether these effects involve direct (Schliwa and Van Blerkom, 1981) or indirect (Griffith and Pollard, 1978; Selden and Pollard, 1983; Goslin et al., 1989; Morales and Fifkova, 1989; Correas et al., 1990 ) molecular interactions, active participation of molecular motors, or result from alterations in microtubule dynamics remains to be determined.
LameUipodia Dynamics
The interactions described in Results involve complex cytological transformations. To address potential underlying mechanisms, we will present a model of lamellar motility, and then interpret our current observations within the context of the model. Fig. 9 a is a cross section of a motile lamellipodium. Lamellar F-actin is depicted as a more or less isotropic matrix of cross-linked filaments reflecting recent ultrastructural studies suggesting at least 30% of the lamellar actin filaments do not have their barbed ends facing the distal cell margin (Lewis and Bridgman, 1992) . F-actin has previously been shown to be assembled primarily at nucleation sites along the leading edge (Forscher and Smith, 1988) ; in addition, we show newly assembled filaments being released and cross-linked into networks (curved arrows) reflecting recent findings by Theriot and Mitchison (1991) .
The assembled F-actin matrix moves centripetally at a rate of R~ which is typically 3-6/~m/min in Aplysia growth cones. An actin-based motor(s) has been hypothesized to drive this movement because residual F-actin flow persists (albeit transiently) at about the same rate even after actin assembly has been inhibited (cf., Fig. 5 ; Forscher and Smith, 1988; Smith, 1988) . The identity and localization of this putative myosin has not yet been clearly demonstrated (Bridgman and Dailey, 1989; Letourneau and Shattuck, 1989; Miller et al., 1992; Cheney and Mooseker, 1992) ; however, the mechanoenzyme is likely bound to a domain that is physically stable relative to the F-actin networks that are being translocated. In previous models, the "mystery motor" has been depicted as anchored to the substrate (Smith, 1988) or to a membrane-cytoskeletal matrix (Mitchison and Kirschner, 1988) . A microtubule associated F-actin motor location might also be effective given the interactions reported here. Although myosins do not typically colocalize with microtubules, the notion of crossover between microfilament and microtubule based motor systems is not entirely without precedent given recent reports of single organelles exhibiting directed transport on both cytoskeletal substrates (Kuznetsov et al., 1992) . The mixed polarity of actin filaments demonstrated by Lewis and Bridgman, (1992) also raises intriguing mechanistic questions regarding generation of the polarized force that drives retrograde F-actin flow.
Movement of the F-actin matrix is depicted as a steady state resulting from superimposition of three distinct kinetic processes: (1) the rate of net actin assembly (R+) along the leading edge, (2) the rate of net actin disassembly in the T zone (R-), and (3) the rate of retrograde actin flow (R~o~). In a steady state where R~ow = R+ = R_, the system would exhibit retrograde F-actin flow and essentially no leading edge advance, as exemplified by growth cones observed before interactions on an adhesive poly-L-lysine substrate. Conditions tending to slow the retrograde actin flow, such as indirect F-actin linkage to the substrate via adhesion complexes (closed ovals), would be growth promoting since the net rate of growth cone advance is equal to the net assembly rate less the retrograde flow rate, i.e., R~,,h = R+ -R~. Note that this model predicts that under favorable conditions, the maximal rate of growth cone advance would approach a limiting rate of R+. This indeed appears to be the case in rapidly migrating cells, where the rate of leading edge (and cell) advance has been shown to be about equal to the rate of actin filament assembly (Theriot and Mitchison, 1991) .
Surface markers such as extracellularly applied beads (Fig. 5) or semicompliant native targets such as the neurite in Fig. 6 appear to become coupled to actin networks through transmembrane protein complexes (Fig. 9 a, dotarget) and are thus displaced along with the retrograde flow (cf., Sheetz et al., 1989) . Flow-coupled beads may therefore be good markers for intracellular F-actin movement in Aplysia growth cones because they move at the same rate as bulk F-actin visualized with rhodamine phalloidin after brief cytochalasin treatments ( Fig. 5 ; see also Forscher and Smith, 1990) . These results suggest a single kinetic domain dominates the retrograde flow in these lamellae. In other studies, beads moving on the membrane surface of 3T3 cells were reported to move about three times faster than photoactivated resorufin-actin marks (Theriot and Mitchison, 1992 ) and pinocytotic vacuoles have been reported to move at faster rates than particulate surface markers (Abercrombie et al., 1970) . To address the issue of potential multiple kinetic domains raised by these reports, experiments are currently being done to directly compare the kinetics of labeled F-actin and membrane-bound bead movements in Aplysia growth cones. Note that in the current study, care was taken to work under conditions that limited possible kinetic complications introduced by bead-evoked actin assembly and accompanying motility as recently reported (Forscher et al., 1992) .
Target Interaction Event Sequence
How can the sequence of events during a successful target
Lin and Forscher Growth Cone-Target Interactions interaction be accounted for by this steady state model of lamellipodial dynamics? As illustrated in Fig. 4 b and schematically in Fig. 9 b, a typical growth cone-target interaction can be divided into four distinct phases: l) contact, 2) coupling, 3) reorganization, and 4) accelerated growth. Before encountering a target, growth cones typically exhibit a robust and spatially uniform pattern of retrograde F-actin flow and microtubules are more or less relegated to the C domain. After initial physical contact with a target (Fig. 9 b) , there was usually a 15-30-min delay before any observable signs of cell coupling between the interacting neurons. During this period some consolidation, such as formation of cell adhesion protein complexes (closed ovals), may be occurring at the target contact site. Entry into the second or coupling phase was clearly demarcated by manifestations of force transduction between growth cones and target objects, resulting in filopodial stretching (Fig. 3 a) or neurite bending (Fig. 6 a) . These forces appear to result from mechanical coupling of the targets to the underlying F-actin flow (Fig. 6 ) and are the same forces that drive retrograde translocation of beads (i.e., compliant objects) attached to lamellipodial or filopodial surfaces (Fig. 5) . Interestingly, polycationic bead pseudotargets also exhibit a "contact phase" after binding to the growth cone surface: beads initially move randomly for a period of time that is inversely proportional to bead surface charge density before "coupling" to the retrograde F-actin flow (unpublished observations). These results suggest that functional growth cone-target coupling may involve gradual accumulation of a critical density of homophilic adhesion proteins capable of directly supporting or indirectly stimulating membrane-cytoskeletal linkage.
A successful coupling interaction was characterized by anterograde projection of the microtubule rich C domain along the target interaction axis (Fig 9 b, coupling) . However, growth cone-target coupling alone clearly did not ensure directed microtubule extension; only coupling to a relatively noncompliant target did so. Bead pseudotargets, for example, become coupled to the actin flow but did not alter microtubule distribution or flow rate (Fig. 5) . Similarly, semicompliant native targets such as the small caliber neurite in Fig. 6 , were typically centripetally displaced by the flow toward the afferent growth cone's C domain but did not markedly affect microtubule distribution. In contrast, coupling to a larger noncompliant neurite, as illustrated in Fig.  4 , resulted in rapid anterograde C domain extension. These results suggest that after the coupling event, growth cones attempt to "pull" on target substrates via attachment to actin filaments making up the retrograde flow. If the target is fully compliant (like a bead), passive retrograde displacement with the retrograde flow occurs and no growth cone-target tension develops; however, if the target is noncompliant, growth cone-target tension immediately develops. In the case of growth cone-growth cone interactions, a tug-of-war of F-actin appears to result with the "dominant cone" depleting actin networks from the "submissive cone" (of. , Fig. 3 b; note F-actin depletion from left cone proximal to interaction site and that the F-actin hot spot is displaced toward the dominant growth cone to the right). Interactions with noncompliant targets would be predicted to slow or even stop the retrograde flow. Consistent with this hypothesis, slowing of the retrograde F-actin flow specifically along the target interaction axis has been observed in preliminary experiments (Lin and Forscher, unpublished observations) .
What could cause microtubule extension? As a membranecytoskeletal linkage forms between a noncompliant target and an afferent growth cone, the retrograde flow will tend to slow (Fig. 9 b, smaller arrows during coupling phase) . If
Rno~ is decreased and R-and R÷ remain relatively constant, a net anterograde flux of the P domain would result simply by actin network treadmilling, that is, continued leading edge assembly followed by eventual proximal network disassembly. Given microtubule elongation appears to be inhibited by the presence of distal actin filaments (Forscher and Smith, 1988) , the resulting anterograde movement of the proximal F-actin boundary alone could promote microtubule elongation.
As an interaction matures, the growth cone enters a reorganization phase characterized by slow overall growth and intensive cytoskeletal remodeling, in particular microtubule reorientation along the target interaction axis. The final phase was characterized by accelerated outgrowth (Fig. 9 b) . During this phase neurites often began a process of in vitro fasciculation as growth cones moved off the poly-L-lysine substrate and began migrating along target neurites (Fig. 4) . Even partial transfer of the growth cone onto native neuronal growth substrates resulted in dramatic increases in outgrowth rates. Interestingly, despite roughly one order of magnitude increases in advance rates, the distribution of P and C cytoplasmic domains remained relatively constant (Fig. 4) . This suggests that the ratio of R÷/R-did not change significantly even after slowing of the actin flow. Acceleration might be explained by more efficient coupling (adhesion) between the F-actin and the native neuronal substrates; however, even the fastest measured rates of growth cone advance which approach 2 #rn/min are somewhat slower than the typical Rnow. This implies that growth cones may never achieve the efficient coupling of actin assembly to forward advance (10 #m/min) reported in rapidly moving keratocytes (Theriot and Mitchison, 1991) perhaps due to tethering effects exerted by the axon. Cell specific differences may also come into play here: in addition to actin network assembly, growth cones probably need to generate forces to steer the axonal mass effectively during pathfinding decisions and thus may be endowed with molecular motors capable of producing relatively high levels of tension.
We have presented evidence that growth cone steering may result directly from perturbations of a steady state between polymer dynamics and mechanochemical processes underlying retrograde F-actin flow. A molecular substrate for the latter, presumably myosin-based process, still needs to be clarified despite the evidence for its existence. Our results show that microtubule guidance subsequent to growth cone-target recognition relies heavily on actin polymer dynamics and motility. Still missing from the growth cone guidance puzzle are molecular details of the target recognition response itself. Signaling mechanisms involved in coordinating the necessary membrane, cytoskeletal and mechanochemical processes are currently under investigation.
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